ribbon, and according to the lowering in transformation strain as Cu content increases, the recoverable strain is close to 2.5 % for ~ 150 MPa load. The shape memory effect does not show saturation at the stress levels applied, which are limited by the relatively low stress values at which brittle fracture occurs.
Introduction
The near equiatomic Ni-Ti shape memory alloys (SMA) show very good mechanical and functional properties (large recovery strains and stresses, high corrosion resistance, good fatigue properties, biocompatibility), being the most widely used for applications compatible with their transformation temperatures, close to room temperature. However, some features of these alloys are not suitable for all the present or potential new applications. This has lead to study Ni-Ti alloys with additions of a third or more elements to the binary alloys and/or to use non-conventional production techniques, in order to modify the transformation temperatures and hysteresis, to improve some mechanical properties and the thermal stability of the alloys, etc. [1] [2] [3] [4] .
The addition of Cu (substituting Ni) to the binary Ni-Ti lowers the transformation hysteresis, which can be beneficial for some applications, and decreases the effect of cycling processes in the transformation [5, 6] ; Copper also reduces the sensitivity of the transformation temperatures to composition and prevents Ti 3 Ni 4 precipitation [5] . In the ternary Ni-Ti-Cu the parent phase is always cubic (B2), but the martensite formed depends on the Cu content. If the Cu amount is not much higher than 5 at % the martensite structure is monoclinic (B19') as in the near equiatomic Ni-Ti. In the range 5 -15 at % the transformation sequence is B2 → orthorhombic (B19) → B19'; the increase in Cu content shifts the B19 → B19' transformation to lower temperatures. For Cu content higher than 15 at % the transformation B19 → B19' takes place at so low temperatures that only the B2 → B19 is usually observed [5] .
One of the ways to enlarge the range of applications of SMA is the use of production techniques different from conventional casting. Rapid solidification by melt-spinning is one of these techniques, which allows the production of almost ready-to-use ribbons, avoiding thermomechanical treatments needed after conventional casting, thus leading to cheaper near-net shape SMA for certain applications. However, the rapid solidification introduces microstructural differences in comparison with the bulk material; the best known example is the reduction in grain size -in some cases the as-spun ribbons are almost fully amorphous -leading to a decrease in the transformation temperatures and a possible improvement of mechanical and functional properties (i.e. superelasticity, damping capacity) [7] [8] .
In this work the shape memory behaviour of equiatomic NiTi, and Ni-Ti-Cu (Cu = 5 and 25 at %) melt spun ribbons is reported. The shape memory properties have been studied through the temperature induced transformation under constant load (thermomechanical cycling). The microstructural evolution has been observed by transmission electron microscopy.
Experimental
The studied melt-spun ribbons were prepared under helium by planar flow casting onto a Cu or steel wheel from conventionally produced ingots of the corresponding alloys. Nominal compositions and some melt spinning parameters, as well as the thicknesses obtained are shown in Table 1 . All the ribbons have good macroscopic quality, tens of cm in length, their width ranging from 9 mm for the equiatomic NiTi and Cu-5 to 21 mm for the Cu-25. The Cu-25 ribbon is almost completely amorphous in the as-spun condition; previously to the thermomechanical tests it has been crystallized by heating at 610 ºC for 3.5 minutes.
Differential Scanning Calorimetry (Perkin-Elmer DSC-7) has been used to determine the transformation temperatures and enthalpy change. Thermomechanical cycling at different levels of constant tensile load (up to 150 MPa) has been carried out in a specially designed device. The specimen is heated/cooled in a liquid bath, while its length is measured with a Linear Variable Differential Transducer (LVDT) sensor. Microstructure observations have been performed in a Hitachi H-600 Transmission Electron Microscope (TEM) operating at 100 kV and in a JEOL-2011 at 200 kV. 
Results and discussion

NiTi ribbons
The as-spun equiatomic NiTi ribbons show the transformation sequence B2 → R (rhombohedral) → B19' on cooling and the B19' → B2 on heating. The microstructure consists of elongated grains ( ~ 5 µm length and ~ 1 µm width) with wavy grain boundaries, containing a high density of dislocations severely entangled. Very small precipitates ( ~ 10 nm size) immersed in the dislocation tangles can be observed. The small size of precipitates makes difficult their identification. Nevertheless, from their rounded shape they can be Ti 2 Ni phase or Ti 4 Ni 2 Ox which has practically the same structure as Ti 2 Ni [9-10]. Several series of thermomechanical cycles with increasing loads have been performed in the as-spun condition. The strain -temperature cycles show the two step transformation on cooling for applied loads below 80 MPa (Fig. 1 , curve at 38 MPa). Cooling curves at higher loads do not show two steps (Fig. 1, curve at 103 MPa) because the shift in transformation temperatures due to applied stress is larger for the R → B19' than for the B2 → R transformation. The strain is recovered in one step transformation on heating, as it can be seen in Fig. 1 . Although results obtained for different samples are quite reproducible -and the cycles performed to the same specimen under the same conditions are practically indistinguishable -it has to be noted that the total strains on cooling and heating may differ slightly. This is due to the deviations from linearity in the LVDT sensor below −15 ºC, and to the different temperature gradients between sample and the system LVDT-sample holder on cooling and heating, thus producing non symmetrical thermal dilatation effects in direct and reverse transformation. None of these effects has been corrected in the cycles shown below. The evolution of the total strain as a function of the applied stress is shown in Fig. 2 for the direct transformation of a specimen cycled from the as-spun state, in consecutive series at increasing loads up to 110 MPa. It has to be mentioned that the largest contribution to the total strain corresponds to the R → B19' transformation, because the distortion involved in the B2 → R is much lower than in the R → B19' [11] . The strain associated to the R phase tends to saturate at values close to 0.3 % for stress levels of about 70 MPa, but not the strain for the R → B19'. Therefore, no saturation of the shape memory effect is observed up to 110 MPa, ε ~ 4 % . Some residual deformation ~ 0.2 % has been detected at these stress levels; nevertheless brittle fracture can occur in some cases for stresses as low as 70 -80 MPa. This behaviour has to be related to stress concentrations which take place in the inhomogeneities of the ribbons (i.e. thickness irregularities, voids). However, fracture stresses higher than 500 MPa have been measured in near equiatomic NiTi ribbons produced with similar melt-spinning conditions. Several cycles at low stress levels have been performed in samples previously cycled, in order to check the two-way shape memory effect (TWSME) induced by the thermomechanical cycles. A TWSME close to 1 % deformation has been obtained after 50 cycles in three series with increasing loads up to 100 MPa (Fig. 3a) .
Cu-5 ribbons
The Ni 45 Ti 50 Cu 5 ("Cu-5") ribbons present a single step B2 ↔ B19' transformation. These ribbons do not show elongated grains as in the NiTi case but rounded, 2-3 µm diameter grains, with wavy boundaries. The asspun ribbons contain a dispersion of spheroidal precipitates, with sizes about 20 -25 nm (bigger than in asreceived NiTi) (Fig. 4a) .
Series of thermomechanical cycles, with increasing loads, have been performed in as-received samples. Recoverable strains up to 5.5 % for a 65 MPa tensile load have been measured. As for the case of equiatomic NiTi ribbons, higher stresses can produce the brittle fracture of the sample. Again no saturation of shape memory has been reached. An example of a strain-temperature cycle is given in Fig. 5 . By comparing the two cycles in this figure and those in Fig. 1 , it is worth to note the effect of Cu content on the transformation hysteresis [5] . The TWSME induced by thermomechanical cycling could be detected after ~ 75 cycles up to 80 MPa. A 0.5 % recoverable deformation is obtained under 5 MPa (very low stress, just to keep the ribbon extended) and 1.7 % under 16 MPa, in previously cycled samples (Fig. 3b) . 
Cu-25 ribbons
XRD experiments and TEM observations have shown that the as-spun Cu-25 ribbon is mainly amorphous. No transformation could be detected in the DSC within the range 235 -870 K. Before cycling, a crystallisation has been performed by heating the ribbon to 885 K for 3.5 min. The as-crystallized samples show a rather nonhomogeneous grain size distribution. Most of the grains are smaller than 1µm and many are below 0.2 µm. A very fine precipitate distribution, few nm in size, can be observed inside the grains. Linear traces lying on the {100}B2 planes have been also observed. By EDS microanalysis and electron diffraction they have been identified as TiCu plate-like precipitates, with tetragonal structure (bct) (Fig. 4b) . Similar precipitates were found after ageing a melt-spun ribbon of the same composition [12] . The Cu-25 crystalline samples show the B2 ↔ B19 transformation.
Themomechanical cycling shows, as expected, the increase of the recoverable strain as the tensile load increases, reaching 2.5 % at 150 MPa, with ~ 0.3 % residual elongation. The maximum applied stress, 150 MPa, corresponds to the limit given by the brittle fracture stress at room temperature (in martensite) with a fracture strain about 1.5 % [13] . No TWSME induced by thermomechanical cycling has been detected after 70 cycles with a maximum stress of 120 MPa.
The recoverable strain is smaller than in NiTi and Cu-5 ribbons (Fig. 5) , but it has to be considered that the maximum recoverable elongation in the B2 → B19 transformation, being originated by that of the lattice deformation, decreases as the Cu content increases [14] [15] . The obtained maximum recoverable strain is in good agreement with the values given in [14] for bulk alloys -with Cu content from 5 to 20 at % -under 90 MPa; at higher stresses a small residual deformation (close to 0.2 % at 150 MPa) appears in the 20 at % Cu bulk samples. Therefore the Cu-25 ribbons show similar behaviour to bulk alloys in what concerns the values of recoverable and permanent deformation, under comparable loads. A different behaviour is found in Cu-5 ribbons where residual deformations below 0.2 % have been observed, lower than in bulk alloys (~ 0.5 % at 70 MPa), therefore the maximum recoverable strain being somewhat higher in these ribbons. The different hysteresis observed in Cu-5 and Cu-25 ribbons is in agreement with the known effect of Cucontent. However, the reduction observed in Cu-25 samples with respect Cu-5 is lower than in the corresponding bulk alloys [15] . This effect can be due to smaller grain size in Cu-25 than in Cu-5, which increases the interfacial friction involved in completing the transformation.
